Introduction {#s1}
============

*Candida albicans*, an opportunistic polymorphic fungus and resident of the normal vaginal microbiota, is the leading causative agent of vulvovaginal candidiasis (VVC) and presents major quality of life issues for women worldwide [@ppat.1003965-Achkar1]. *Candida* vaginitis is characterized by itching, burning, pain, and redness of the vulva and vaginal mucosa and often accompanied by vaginal discharge. Predisposing factors for primary VVC include high-estrogen oral contraceptive use, hormone replacement therapy, antibiotic usage, and underlying diabetes mellitus. It is estimated that 75% of all women of childbearing age will be afflicted by VVC at least once in their lifetime [@ppat.1003965-Sobel1]. Of these, approximately 5--8% (approximately 150 million worldwide) suffer from recurrent VVC (RVVC), resulting in idiopathic chronic episodes of vaginal irritation that require antifungal maintenance therapy (e.g., azoles) to partially control symptoms [@ppat.1003965-Achkar1]. Although these treatments are typically effective at reducing organism burden and symptoms, the static function of azole activity and fungal recalcitrance to clearance are key factors resulting in recurrence [@ppat.1003965-Sobel2]. It is proposed that RVVC and VVC both involve similar immunopathologies but that the triggers occur with greater sensitivity in individuals with RVVC. Continuously rising vaginitis-related healthcare costs are estimated at \$1.8 billion annually in the United States alone [@ppat.1003965-Foxman1]. These unsustainable costs further necessitate a comprehensive understanding of vaginitis and the host and fungal factors that contribute to its immunopathology.

The Role of Host Immunity in *Candida* Vaginitis: Historical and Contemporary Perspectives {#s1a}
------------------------------------------------------------------------------------------

Susceptibility to oral, chronic mucocutaneous, and gastrointestinal candidiasis has been clearly linked to deficiencies in cell-mediated immunity (CMI) [@ppat.1003965-Ashman1]. Therefore, susceptibility to *Candida* vaginitis was also long believed to result from defects in the adaptive immune response. However, numerous clinical studies examining women with RVVC and the use of an experimental mouse model to evaluate roles for CMI or humoral immunity (HI) revealed no appreciable protection provided by local or systemic adaptive immune mechanisms [@ppat.1003965-Fidel1], [@ppat.1003965-Fong1], [@ppat.1003965-Mendling1]. In support of these findings, relatively high production of immunoregulatory factors (e.g., TGF-β, T-regs, and Υ/δ T-cells) in the vagina may partly explain the lack of functional local CMI [@ppat.1003965-Taylor1], [@ppat.1003965-Wormley1]. Despite a lack of supportive evidence for a role of adaptive immunity in vaginitis, the newly characterized Th17 axis of CMI, which links innate and adaptive immune responses, has been shown to be critical for local protection against oropharyngeal candidiasis (OPC) [@ppat.1003965-Conti1]. Accordingly, animal models were used to determine its potential role in mucosal immunity during vaginitis. However, discrepant findings amongst mouse models have led to contradictory conclusions: one study using a less stringent pharmacologic approach to Th17 blockade demonstrated a modest role for Th17 involvement [@ppat.1003965-Pietrella1], while a more rigorous approach using Th17 axis-knockout mice showed no such function [@ppat.1003965-Pietrella1], [@ppat.1003965-Yano1]. Thus, the role of Th17 responses during vaginitis remains unresolved and lacks any supportive clinical evidence. As for mucosal HI, some animal models have demonstrated modest antibody-mediated protection against vaginitis [@ppat.1003965-deBernardis1]. It is conceivable that protective human antibodies do exist but occur naturally at concentrations in vaginal secretions too low to sufficiently mediate protection.

While exhaustive efforts have found no major role for adaptive immunity in susceptibility to vaginitis, recent studies have identified the importance of innate immunity in regulating vaginitis symptomatology. A paramount study using women volunteers challenged with live *C. albicans* determined that vaginitis symptoms were associated with polymorphonuclear leukocyte (PMN) recruitment into the vagina and that organism burden alone was not predictive of disease [@ppat.1003965-Fidel2]. Moreover, depletion of PMNs in mice did not result in increased fungal load but did decrease histological evidence of vaginal inflammation [@ppat.1003965-Black1], [@ppat.1003965-Peters1]. Most recently, a family of calcium-binding proteins termed S100A8 and S100A9 "alarmins" have been implicated in the innate vaginal epithelial cell response to *C. albicans* (see [Figure 1](#ppat-1003965-g001){ref-type="fig"}) [@ppat.1003965-Yano2]. Because these proteins have vigorous PMN chemotactic activity, it was hypothesized that epithelial expression of S100s may play a key role in controlling PMN migration into the vaginal lumen. However, while this was confirmed, studies using mice lacking expression of S100A8/9 proteins determined that these factors were sufficient but not necessary for driving the PMN response [@ppat.1003965-Yano3]. Collectively, these exciting new studies highlight the immunopathological response as a crucial element of vaginitis pathogenesis. Future clinical studies, however, are required to confirm the presence and function of alarmins during human infection.

![Working model of the immunopathogenesis of *C. albicans* vaginitis.\
(**A**) Yeast forms of *C. albicans* asymptomatically colonize the vaginal epithelium despite the presence of numerous pattern recognition receptors (PRR) on the epithelial surface. (**B**) *C. albicans* begins to undergo the yeast-to-hypha switch under morphogenesis-inducing conditions (increases in estrogen, elevated vaginal pH, and microbiota disruption). Augmented recognition by PRRs, increased hyphal biomass, and expression of hypha-associated virulence factors elicits inflammatory signaling (S100A8/9 alarmins and proinflammatory cytokines) in the vaginal epithelium, resulting in initial migration of PMNs from the lamina propria (L.P.) to the vaginal lumen. (**C**) Failure to adequately reduce immunopathological triggers results in the continued expression of innate immune effectors by the vaginal epithelium. These initial signals, coupled with secondary amplification of immune effectors by recruited PMNs, contribute to symptomatic infection and characteristic immunopathology.](ppat.1003965.g001){#ppat-1003965-g001}

As alluded to above, resultant findings from animal models must be translatable to the human host. One important point to consider is that laboratory rodents, unlike humans, do not naturally harbor *C. albicans* as commensal organisms. Although the estrogen-dependent mouse model of vaginitis closely mimics clinical infection, observed antifungal immune responses are considered primary and may be exaggerated as compared to human infection, in which repeated exposure, immunotolerance, or higher signaling thresholds to *Candida* may be encountered. Despite this shortcoming, the mouse model of vaginitis has been an indispensible tool for dissecting the immunological mechanisms associated with this highly complex disease.

Genetic Susceptibility to Fungal Infections: Applied Lessons to Vaginitis? {#s1b}
--------------------------------------------------------------------------

Several clinical studies have been designed to identify genetic polymorphisms in factors with putative importance for antifungal defense, such as the pathogen recognition receptors (PRRs) Dectin-1, Dectin-2, MINCLE (macrophage-inducible C-type lectin), TLR2/4 (Toll-like receptors 2 and 4), mannose binding lectin (MBL), mannose receptor (MR), and DC-SIGN/SIGNR1 (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin) [@ppat.1003965-Netea1]. Ligation of these receptors to their cognate ligands (typically *C. albicans* cell-wall components) induces proinflammatory signaling, initiating recruitment of both innate and adaptive immune cells to elicit potentially protective responses. Data acquired from associative genetic studies and their relevance to vaginitis pathogenesis is discussed below.

A homozygous polymorphism (Tyr238X stop codon) in the C-type lectin receptor (CLR) Dectin-1 (β-glucan recognition) confers susceptibility to chronic onychomycosis and RVVC but not OPC [@ppat.1003965-Ferwerda1]. Studies conducted by Yano et al. surprisingly demonstrated lack of expression of Dectin-1 on murine vaginal epithelium and wild-type levels of neutrophil recruitment and fungal burden in Dectin-1-/- mice during vaginal infection [@ppat.1003965-Yano3]. However, simultaneous blockade of TLR4 and SIGNR1 signaling reduced S100 alarmin expression in vaginal epithelial cells when challenged with *C. albicans*, suggesting an important function of these cell-surface receptors at the vaginal mucosa. Whereas the role of Dectin-1 during *Candida* vaginitis remains inconclusive, these other PRRs may serve more prominent roles. Signal transduction via CLRs converges on the common signaling adaptor CARD9. A homozygous point mutation (Q295X) abolishing CARD9 function has been associated with increased risk of fungal infection, including OPC and RVVC [@ppat.1003965-Rosentul1]. Unfortunately, lack of evidential expression data for Dectin-1 and CARD9 in the vaginal epithelium provokes further questions on their relevance in vaginitis pathogenesis. Functional defects in MBL and MR have also been suggested to mediate susceptibility to fungal infections. These host factors act by neutralizing or recognizing the carbohydrate mannan found ubiquitously on the surface of fungi. A series of clinical studies have elucidated an association between a polymorphism in the MBL-2 gene (mutant codon 54) and susceptibility to RVVC [@ppat.1003965-Babula1], [@ppat.1003965-Donders1]. While these findings are of significant clinical interest, protective roles for MBL and MR against *Candida* in the vagina remain unclear due to lack of supportive mechanistic studies.

Despite important new information gained from these studies, more in-depth molecular and immunological research is urgently required. While cell-surface receptors and signaling adaptors undoubtedly play a role during vaginal fungal infection, discrepancies between animal models and human clinical data further cloud the overall picture of vaginitis pathogenesis. Careful consideration must be taken to avoid overinterpretation of limited clinical datasets or mischaracterization of animal model data not relevant to the clinical scenario. Furthermore, the highly compartmentalized nature of immune responses to *C. albicans* at different anatomical sites warrants discretion in proposing overarching hypotheses without detailed experimentation.

*Candida albicans* Is a Robust Opportunistic Fungal Pathogen {#s1c}
------------------------------------------------------------

Several properties of *C. albicans* have been proposed to play major roles in causing disease: morphogenesis, secreted factors, and biofilm formation. As a polymorphic fungus, *C. albicans* adopts two major morphological forms, the commensalistic ovoid yeast and the pathogenic filamentous hypha. The transition from yeast to hypha is under the control of a complex set of environmental sensors and has long been considered to be the major virulence factor of this pathogen [@ppat.1003965-Biswas1]. In vitro studies utilizing *Candida*-infected, reconstituted human vaginal epithelium demonstrated a requirement for hyphae to uniquely induce innate immune signaling [@ppat.1003965-Moyes1]. These findings were supported by challenging mice intravaginally with isogenic *C. albicans* strains, some of which were defective in key transcriptional regulators mediating the yeast-to-hypha switch. Despite similar colonization among strains, those defective in hypha formation displayed significantly reduced immunological markers of vaginitis symptomatology (including reduced PMNs and S100A8) [@ppat.1003965-Peters1]. Cumulatively, these studies confirm an important role for the morphogenetic response in vaginitis immunopathology. These points are illustrated in [Figure 1](#ppat-1003965-g001){ref-type="fig"} by yeast cells that asymptomatically colonize the vaginal epithelium despite being recognized by cell-surface PRRs. The yeast-to-hypha transition further engages additional PRRs, causes mechanical disruption of the epithelial surface, and augments expression of fungal virulence factors. Ultimately, these cellular insults result in damage-mediated responses leading to the recruitment of PMNs, culminating in vaginitis immunopathology.

Aside from the yeast-to-hypha switch, *C. albicans* also produces a number of secretory products that have been implicated in the pathogenesis of vaginitis. A family of homologous [s]{.ul}ecreted [a]{.ul}spartyl [p]{.ul}roteinases (SAPs) has demonstrated differential expression during vaginitis [@ppat.1003965-Taylor2]. SAPs act by cleaving proteins on host epithelium, resulting in mucosal structural damage and enhanced fungal burden. Although not characterized in as much detail, candidal lipases have also been implicated in disease pathology [@ppat.1003965-Schaller1].

Another major virulence property of *C. albicans* is its ability to form biofilms on both biotic and abiotic surfaces. Biofilms are complex, highly organized, three-dimensional structures formed by communities of microbes conferring properties of increased adhesion, recalcitrance to clearance by the host immune system, and enhanced antimicrobial resistance. It has been demonstrated that *C. albicans* forms biofilms on the vaginal mucosa of mice but biofilm formation is not required for colonization [@ppat.1003965-Harriott1]. Furthermore, because morphogenesis and biofilm formation are intimately linked, it is unclear what role biofilms play in the context of immunity.

Vaginitis: A Multifactorial Disease {#s1d}
-----------------------------------

Other biologically relevant criteria are also critical in initiating disease pathology. The effects of estrogen on the vaginal mucosa appear to be crucial for vaginitis progression. Production of estrogen during the menstrual cycle causes the keratinized vaginal epithelium to cornify, thicken, and eventually slough. In fact, it is during these periods of high estrogenic activity that women are most susceptible to vaginitis [@ppat.1003965-Hong1]. This is further evidenced by the fact that prepubescent girls and postmenopausal women (low-estrogen producers) rarely develop vaginitis. However, postmenopausal women on hormone replacement therapy frequently become resusceptible [@ppat.1003965-Hong1]. Indeed, animal models of vaginitis almost always include administration of exogenous estrogen to maintain fungal burdens, emphasizing the importance of estrogen in disease pathology ([Figure 1](#ppat-1003965-g001){ref-type="fig"}) [@ppat.1003965-Hamad1]. Aside from physiological changes, estrogen also exhibits immunomodulatory effects, including decreased antimicrobial peptide expression, modulated PRR expression, reduced antigen presentation, decreased T cell priming, diminished mucosal antibody production, enhanced antigenic tolerance, and impairment of Th17 signaling [@ppat.1003965-Hickey1], [@ppat.1003965-Relloso1], [@ppat.1003965-Wira1]. Not only does estrogen have pleiotropic effects on the host, it also directly affects *C. albicans* itself. Estrogen enhances *Candida* adherence to vaginal epithelial cells, augments germ tube formation, and increases hyphal length [@ppat.1003965-Cheng1], [@ppat.1003965-Hollmer1]. Furthermore, *C. albicans* encodes an estrogen binding protein (EBP), recently revealed to act as an oxidoreductase [@ppat.1003965-Madani1]. Inhibition of EBP by estrogen results in increased expression of the drug efflux pumps CDR1/2, antimicrobial resistance mechanisms employed by fungi against commonly used azoles [@ppat.1003965-Cheng1]. Estrogen has also been shown to up-regulate expression of the fungal heat-shock protein Hsp90, conferring resistance to biological and chemical stressors [@ppat.1003965-Zhang1]. Together, these estrogen-induced modifications of host and fungal responses may partly explain lack of protective immunity to vaginitis and recalcitrance to clearance.

The pH of the vaginal microenvironment and composition of the bacterial microbiota are also important for disease pathogenesis. The average adult human vaginal pH (4.5) is maintained at an acidic level to aid in the inhibition of microorganism overgrowth. A low vaginal pH inhibits the yeast-to-hypha switch in *C. albicans* [@ppat.1003965-Vylkova1]. Therefore, increases in pH levels are believed to promote vaginitis ([Figure 1](#ppat-1003965-g001){ref-type="fig"}). Interestingly, mice maintain a neutral vaginal pH that favors hyphal formation, thus making them a robust model system for *Candida* vaginitis. The bacterial microbiota are also important in maintaining a healthy vaginal environment, as antibiotic administration is a major risk factor for developing vaginitis, presumably through disruption of the natural bacterial communities existing at the mucosal interface [@ppat.1003965-Ma1]. Decreased levels of ubiquitous acid-producing lactobacilli lead to increased vaginal pH levels and augmented colonization of potential pathogens, including *C. albicans*.

New Frontiers in *Candida* Vaginitis and Closing Remarks {#s1e}
--------------------------------------------------------

A comprehensive understanding of the immune response to *Candida* vaginitis is far from complete. The fields of mucosal biology and immunology are rapidly expanding and may provide insights into this complex disease. Recent evidence suggests that danger--signal-mediated inflammasome signaling (i.e. processing, cleavage, and secretion of IL-1β) plays an important role in the innate response to various pathogens at mucosal surfaces, including *C. albicans* [@ppat.1003965-Peters1], [@ppat.1003965-Basso1], [@ppat.1003965-Matzinger1], [@ppat.1003965-Tomalka1]. However, more research is needed to address the role (if any) of inflammasome signaling during vaginitis and whether inflammasome activation may be linked to S100A8/9 production or PMN infiltration. In any case, novel immunomodulatory therapies may be viable options for curtailing vaginitis immunopathology, especially in RVVC.

Development of accurate diagnostics and preventive vaccines remains a priority. However, these developments do not come without significant challenges. An inexpensive, simple, and rapid diagnostic test that can simultaneously detect symptomatology (e.g., innate immune effectors) along with fungal presence is the ultimate goal in order to distinguish asymptomatic colonization from true infection. It is also imperative that such a diagnostic will discriminate between vaginitis of varying etiology (including those of fungal, bacterial, and protozoal origin) so that appropriate antimicrobial therapy may be administered without delay. Additionally, preliminary clinical trials of two antifungal vaccines (NDV-3, based on the recombinant candidal adhesin Als3, and PEV7, which utilizes SAP-2 as the immunogen) have provided promising results, efficaciously reducing fungal burden during intravaginal challenge with *C. albicans* [@ppat.1003965-DeBernardis1], [@ppat.1003965-Ibrahim1]. However, advanced clinical trials will be required to determine if these vaccines can reduce fungal burdens adequately to eliminate the triggers for vaginitis immunopathology in both VVC and RVVC populations.

Vaginitis is a complex disease, requiring a "perfect storm" scenario to initiate infection. Estrogen production, microbiota disruption, pH modification, fungal virulence factor expression, and exuberant innate immune activity must synchronize to culminate in symptomatic infection. Current research has elucidated a major paradigm shift in the philosophy of *Candida* vaginitis pathogenesis, highlighting the role of the host innate immune response in disease immunopathology. Moreover, another paradigm change is emerging that is shifting the focus on fungal burden as the sole outcome phenotype in the context of understanding virulence mechanisms and developing novel treatment strategies toward focusing on the immunopathological response instead. Accordingly, although much insight has been gained from extensive studies in this field, scientific endeavors aimed at preventive therapies, improved diagnostics, and pathogenesis will require careful attention to the immunopathogenic response to ultimately combat this highly significant, opportunistic fungal disease.
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